Abstract N-Acylethanolamines elicited much interest in recent years owing to their occurrence in biological membranes under conditions of stress as well as under normal conditions. The molecular conformation, packing properties and intermolecular interactions of N-myristoylethanolamine (NMEA) have been determined by single crystal X-ray diffraction analysis. The lipid crystallized in the space group P2 1 /a with unit cell dimensions: a = 9.001, b = 4.8761, c = 39.080. There are four symmetry-related molecules in the monoclinic unit cell. The molecules are organized in a tail-to-tail fashion, similar to the arrangement in a bilayer membrane. The hydrophobic acyl chain of the NMEA molecule is tilted with respect to the bilayer normal by an angle of 37³. Each hydroxy group forms two hydrogen bonds, one as a donor and the other as an acceptor, with the hydroxy groups of molecules in the opposing leaflet. These O^HmO hydrogen bonds form an extended, zig-zag type network along the b-axis. In addition, the N^H and CNO groups of adjacent molecules are involved in N^HmO hydrogen bonds, which also connect adjacent molecules along the b-axis. ß
Introduction
N-Acylethanolamines (NAEs) and N-acylphosphatidylethanolamines (NAPEs) are naturally occurring amphiphilic molecules present in biological membranes [1] . Their content increases dramatically when the parent organisms are subjected to conditions of stress, such as injury in animals, or dehydration in plant seeds. Both NAEs and NAPEs have been shown to accumulate in mammalian tissues undergoing extensive degeneration involving phospholipid degradation, such as ischemic rat brain and infarcted canine myocardium [2^4] . A phospholipase D-type enzyme cleaves NAPE in vivo to generate NAE, which then acts as a second messenger [5] . NAEs exhibit interesting biological and medicinal properties (for reviews see [1, 5] ). Especially, it has been shown that N-arachidonylethanolamine (anandamide) acts as an endogenous ligand for cannabinoid receptor [6] , reduces sperm fertilizing capacity [7] and inhibits gap junction conductance [8] , whereas N-oleoylethanolamine is a potent inhibitor of ceramidase [9] .
In addition to the NAEs with unsaturated acyl chains, as alluded to above, those with saturated acyl chains also exhibit interesting biological proper-ties. In mast cells, for example, N-palmitoylethanolamine acts as an agonist for the cannabinoid receptor type-2 [10] . Very recently, Chapman and colleagues have shown that treatment of tobacco cells with a fungal elicitor, such as xylanase, results in the accumulation of N-lauroylethanolamine and N-myristoylethanolamine, which accumulate in the culture medium [11] . This observation has been interpreted as indicative of plant NAEs playing a role in a signaling pathway analogous to the one found in mammalian cells [5, 11] .
In addition to the interesting biological properties that they exhibit, NAEs and NAPEs are likely to be useful in developing liposomal formulations for drug delivery applications, since recent studies indicate that compounds belonging to these two classes stabilize the bilayer structure [12^14] .
Considering the variety of interesting properties exhibited by NAEs and NAPEs described above, it is important to systematically investigate their properties in order to develop structure^function relationships to rationalize their functions. While a considerable amount of knowledge exists on the biological, medicinal and pharmacological properties of NAEs, as outlined above, relatively very little is known regarding their supramolecular structure both in the solid state as well as in solution, phase behavior and interaction with other membrane lipids. In order to ¢ll this lacuna, we initiated a long-term program to investigate the phase behavior and structure of NAEs and NAPEs and their interaction with other membrane lipids. In earlier studies, we have investigated the chain-melting phase transitions of homologous series of these two classes of compounds by di¡erential scanning calorimetry [15^17] . In the present study, the crystal structure of N-myristoylethanolamine is reported and the intermolecular interactions and the molecular packing in the crystal are analyzed.
Materials and methods

Materials
Myristic acid was purchased from Sigma (St. Louis, USA). Oxalyl chloride was from Merck (Darmstadt, Germany). Ethanolamine was obtained from Ranbaxy (Mumbai, India). Myristic acid was converted to myristoyl chloride by treating with 4 mol equivalents of oxalyl chloride according to the procedure described in [18] . N-Myristoylethanolamine was synthesized by the reaction of myristoyl chloride with ethanolamine and characterized by thin layer chromatography (TLC) and infrared (IR) spectroscopy as reported earlier [15] . All solvents were distilled and dried prior to use.
Crystallization and X-ray di¡raction
Needle-shaped, colorless crystals of NMEA were grown at room temperature from a 1:1 mixture of dichloromethane and toluene, containing a trace of ethanol. A crystal of 0.2U0.16U0.4 mm size was used for the data collection in the present study. Xray di¡raction measurements were carried out with an automated Enraf^Nonius Mach-3 di¡ractometer using graphite monochromater, Mo-KK (V = 0.71073 A î ) radiation. Intensity data were collected by g-scan mode. Crystal stability was monitored by measuring the intensity of three standard re£ections at 90-min intervals. No appreciable variation was detected.
Structure solution and re¢nement
The data collected in the range of a = 1.56^24.98³ were reduced using the XTAL program [19] . Structure solution was carried out in the monoclinic space group. No absorption correction was applied. The structure was solved successfully by direct methods in the space group P2 1 /a and re¢ned by full matrix least-squares procedure using the SHELXL97 program [20] . The re¢nement was carried out using 731 absorbed [ s 4c(F)] re£ections and converged to a ¢nal R 1 = 6.02, wR 2 = 16.68 and goodness of ¢t = 1.102. Carbon atoms in the hydrophobic region (C4^C16) were re¢ned isotropically, whereas C1^C3 and the heteroatoms were re¢ned anisotropically. Hydrogen atoms were included in the structure factor calculation with ¢xed thermal parameters at idealized positions, but were not re¢ned. 
Results and discussion
The interest in N-acylethanolamines has been growing dramatically over the past several years in view of their various interesting biological and medicinal properties [1, 5] . In order to understand how the di¡erent e¡ects are caused by NAEs, it is essential to investigate the properties of these molecules in a systematic manner. Particularly, studies aimed at understanding the phase behavior and structures formed by them in the solid state as well as in the fully hydrated state will be of immense value in understanding their biological implications in the parent organism. In view of this, in earlier studies we investigated the thermotropic phase behavior of a homologous series of NAEs of both even and odd number of C-atoms, using di¡erential scanning calorimetry [15, 16] . In the present communication, we report the crystal structure of N-myristoylethanolamine and discuss the packing properties and intermolecular interactions of this compound in the crystal lattice.
Description of the structure
An ORTEP plot describing the crystal structure of NMEA is shown in Fig. 1 along with the atom numbering for all the non-hydrogen atoms. The atomic coordinates and equivalent isotropic displacement parameters for the non-hydrogen atoms are given in Table 1 . The bond distances, bond angles and torsion angles involving all the non-hydrogen atoms are given in Tables 2^4, respectively. As is clearly seen from Fig. 1 , the hydrocarbon portion (C5Ĉ 16) of the acyl chain of the molecule is in all-trans conformation. The torsion angles observed for the acyl chain region, with the exception of the C3Ĉ 4^C5^C6 angle, which is 68.5³, are all in the neighborhood of 180³ and are fully in agreement with the above observation. The gauche conformation at the C4^C5 bond results in a bending of the molecule, giving it an`L' shape. The carbonyl group and the amide N^H are also in the trans geometry. 3 ) for N-myristoylethanolamine Atom x y z U (eq) 
Molecular packing
Packing diagrams of N-myristoylethanolamine along the a-axis and b-axis are given in Fig. 2A and B, respectively. The NMEA molecules are packed head-to-head (and tail-to-tail) in stacked bilayers. The O^HmO hydrogen bonds between the head groups of opposite lea£ets of the bilayer are most likely the driving force for this arrangement (see below). In addition, the amide groups of adjacent molecules along the b-axis are also involved in hydrogen bonds. The carbonyl oxygen atoms of adjacent molecules point in the opposite direction, thus providing the appropriate juxtaposition of the amide carbonyl and hydrogen atoms to interconnect the adjacent molecules by hydrogen bonds. The methyl ends of the stacked bilayers are in van der Waals contacts, with the closest methyl^methyl contact distance (C16^C16) between the opposing layers being 4.13 A î . The distance between the methyl groups of adjacent molecules in the same layer is 5.79 A î .
The bilayer thickness (O1^O1 distance) for NMEA is 38.1 A î and the all-trans acyl chains are tilted by 37³ with respect to the bilayer normal. This is similar to the arrangement found in long chain fatty acids and alcohols [21] , which also pack in a bilayer form with tail-to-tail hydrocarbon chain alignment. However, it is di¡erent from arrangement found in lysolipids, such as lyso PC [22] , which pack in an interdigitated mode resulting in two hydrocarbon chains being accommodated per polar group. Thus the thickness of the hydrophobic region of the bilayer is equal to the sum of the projected lengths of two acyl chains, whereas the thickness of the hydrophobic portion in lysolipids corresponds to that of the hydrocarbon region of one fatty acid Table 2 Bond distances (A î ) for N-myristoylethanolamine N(1)^C (3) 1.321 (6) N(1)^C (2) 1.466 (7) O(2)^C (3) 1.236 (6) O(1)^C (1) 1.446 (7) C(1)^C (2) 1.471 (9) C(3)^C (4) 1.508 (7) C(4)^C (5) 1.523 (7) C(5)^C (6) 1.508 (7) C(6)^C (7) 1.506 (7) C (7)^C (8) 1.509 (7) C(8)^C (9) 1.508 (7) C(9)^C (10) 1.511 (7) C(10)^C (11) 1.519 (7) C(11)^C (12) 1.518 (7) C(12)^C (13) 1.507 (7) C(13)^C (14) 1.515 (7) C (14)^C (15) 1.518 (8) C (15)^C (16) 1.530 (9) Table 3 Bond angles (degrees) for N-myristoylethanolamine (2) 109.3 (6) N(1)^C (2)^C (1) 110.8 (5) O(2)^C(3)^N (1) 122.5 (5) O(2)^C(3)^C (4) 120.4 (5) N(1)^C (3)^C (4) 117.0 (4) C(3)^C(4)^C (5) 113.1 (4) C(6)^C (5)^C (4) 115.0 (4) C(5)^C(6)^C (7) 113.8 (4) C(6)^C (7)^C (8) 115.6 (4) C (7)^C (8)^C (9) 114.3 (4) C(10)^C (9)^C (8) 115.0 (5) C(9)^C(10)^C (11) 114.3 (5) C(12)^C (11)^C (10) 114.3 (5) C (13)^C (12)^C (11) 113.7 (5) C(12)^C (13)^C (14) 114.5 (5) C (15)^C (14)^C (13) 113.8 (5) C (14)^C (15)^C (16) 112.9 (5) Table 4 Torsion angles (degrees) for N-myristoylethanolamine
3178.4 (6) C (7) C(8) C(9) C(10) 3179.6 (6) C (8) C (9) C(10) C(11) 179.9 (8) C (9) C(10) C(11) C(12) 179.6 (5) C (10) C (11) C (12) C (13) 179.3 (5) C (11) C (12) C (13) C (14) 179.7 (6) C (12) C (13) C (14) C (15) 178.9 (6) C (13) C (14) C (15) C (16) 178.9 (7) only. The tilted hydrocarbon chain arrangement is consistent with the alternation observed in the thermodynamic parameters between the homologous series of NAEs containing even and odd chain lengths [16] .
Molecular area
The area per each NMEA molecule in the bilayer plane is 21.95 A î 2 and is in the same range as that found for 3(11-bromoundecanoyl)-D-glycerol, 3-lauroyl-D-glycerol, and 3-stearoyl-D-glycerol which have the molecular areas in the range of 21.5^22.7 A î 2 [23^26]. Other single chain lipids, such as lysophosphatidic acid and lysophosphatidylethanolamine, have somewhat larger molecular areas (33.6 and 34.8 A î 2 , respectively) [26^28]. In the case of these two molecules, the very high tilt angle results in such large areas per molecule.
Hydrogen bonding and intermolecular interactions
To understand the intermolecular interactions, in the crystal structure of NMEA, the molecular packing in the crystal was examined from various angles. The hydrogen bonding pattern observed in the crystal lattice of NMEA is depicted in Fig. 3 . Fig. 3A gives a picture of the molecular packing together with the hydrogen bonds between the hydroxyl groups in opposite lea£ets as well as those between the amide N^H and carbonyl oxygen in adjacent layers in the same side of the bilayer. A closer picture of the hydrogen bonding pattern is given in Fig. 3B which gives the view along the b-axis. Each hydroxy group is involved in two hydrogen bonds, one as a hydrogen bond donor and the other as a hydrogen bond acceptor. All these hydrogen bonds connect the NMEA molecules only along the b-axis. Thus, in the unit cell containing four NMEA molecules in a bilayer form, the hydroxy group of each molecule forms one hydrogen bond within the same unit cell, whereas one more hydrogen bond is formed with another molecule from one of the adjacent unit cells along the b-axis. All the O^HmO hydrogen bonds in N-myristoylethanolamine have the same HmO distance of 1.89 A î and the distance between the two oxygen atoms is 2.7 A î . These hydrogen bonds are non-linear with the angle between the covalent bond and the hydrogen bond being 159.2³.
In addition to the hydrogen bonds between the hydroxy groups, there are also strong hydrogen bonds between the amide N^H and carbonyl oxygen of adjacent NMEA molecules along the b-axis. The distance between hydrogen bonded carbonyl oxygen and the amide hydrogen atom is 1.97 A î and the NmO distance is 2.82 A î . The angle between the covalent bond and the hydrogen bond (N^HmO angle) is 166.7³.
From Fig. 3 , it is clear that the O^HmO hydrogen bonds form extended networks along the b-axis, which stabilize the bilayer arrangement in the crystal lattice. The network has a zig-zag arrangement, with the angle between the two hydrogen bonds (O1^O1Ô 1 angle) at each oxygen atom being 129.4³. The NĤ mO hydrogen bonds connect adjacent NMEA molecules in the same plane along the b-axis. Thus while the N^H group of each NMEA molecule forms a hydrogen bond with another molecule in the adjacent unit cell on one side, the carbonyl oxygen atom from the same molecule is involved in another hydrogen bond with the amide N^H of an NMEA molecule in the unit cell on the other side (Fig. 3B) .
Ambrosini et al. [14] investigated the e¡ect of two NAEs, namely, N-lauroylethanolamine and N-oleylethanolamine on the phase behavior of egg phosphatidylethanolamine and suggested that the NAEs may stabilize the bilayer structure. The results of the present study indicate that such stabilization is probably driven by the strong tendency of the NAEs to form bilayer structure. Considering that intermolecular hydrogen bonds between the head groups of neighboring molecules are found in crystal structures of PE [28] as well as NAE (present study), it is possible that hydrogen bond formation between the PE and NAE may play a role in such stabilization. Detailed studies on the interaction between these two classes of lipids are required in order to understand the intermolecular interactions between them.
Conclusions
The ¢rst crystal structure of an N-acylethanolamine, namely N-myristoylethanolamine has been solved by single crystal X-ray di¡raction. The structure clearly demonstrates that the NAE molecules adopt a bilayer-type arrangement with tail-to-tail chain packing. This arrangement is stabilized by intermolecular hydrogen bonds between the hydroxy groups of NMEA molecules in opposite lea£ets as well as between the amide N^H and carbonyl oxygen of adjacent molecules in the same lea£et. Further stabilization is provided by the van der Waals' forces between the acyl chains. These results give a structural explanation for the bilayer stabilizing property exhibited by N-acylethanolamines when used in mixtures with phospholipids, such as phosphatidylethanolamine, which have the propensity to form nonbilayer structures.
